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Abstract. Statistical ice cover models were used to project daily mean basin ice
cover and annual ice cover duration for Lakes Superior and Erie. Models were
applied to a 1951-80 base period and to three 30-year steady double carbon
dioxide (2 X CO,) scenarios produced by the Geophysical Fluid Dynamics Labo-
ratory (GFDL), the Goddard Institute of Space Studies (GISS), and the Oregon
State University (OSU) general circulation models. Ice cover estimates were made
for the West, Central, and East Basins of Lake Erie and for the West, East, and
Whitefish Bay Basins of Lake Superior. Average ice cover duration for the 1951-
80 base period ranged from 13 to 16 weeks for individual lake basins. Reductions
in average ice cover duration under the three 2 x CO, scenarios for individual lake
basins ranged from 5 to 12 weeks for the OSU scenario, 8 to 13 weeks for the
GISS scenario, and 11 to 13 weeks for GFDL scenario. Winters without ice for-
mation become common for Lake Superior under the GFDL scenario and under
all three 2 X CO, scenarios for the Central and East Basins of Lake Erie. During
an average 2 X CO, winter, ice cover would be limited to the shallow areas of
Lakes Erie and Superior. Because of uncertainties in the ice cover models, the
results given here represent only a first approximation and are likely to represent
an upper limit of the extent and duration of ice cover under the climate change
projected by the three 2 X CO, scenarios. Notwithstanding these limitations, ice
cover projected by the 2 X CO, scenarios provides a preliminary assessment of the
potential sensitivity of the Great Lakes ice cover to global warming. Potential
environmental and socioeconomic impacts of a 2 X CO, warming include year-
round navigation, change in abundance of some fish species in the Great Lakes,
discontinuation or reduction of winter recreational activities, and an increase in
winter lake evaporation.

1. Introduction

Great Lakes ice cover is important because it affects the economy of the United
States and Canada in terms of shipping (Niimi, 1982), hydropower generation
(International Niagara Working Committee, 1983), recreational activity, and the
design and construction of shore installations (Wortley, 1978). The annual ice
cover also affects the ecology of the lakes in terms of physical processes such as
lake evaporation (Derecki, 1976), shore erosion (Zumburge and Wilson, 1953),
sediment transport, and biological processes such as microorganism activity under
the ice cover (Bolsenga, 1988, personal communication), and survival of fish spawn
over the winter (Smale, 1988).

The climate of the Great Lakes affects the extent and duration of ice cover each
winter and thus the economy and ecology of the Great Lakes region. Assel et al.
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(1985) developed a model of annual maximum percent of the surface area of the
five Great Lakes covered with ice, based on regional average winter temperature.
The model implies that a 4 to 5 °C increase in regional average winter temperature
from a 30-year average (1951-80) results in regional annual maximum ice cover
between 0 and 9 percent for the Great Lakes. More recently, Marchand ez al.
(1988) developed empirical models of annual maximum ice cover for each Great
Lake using monthly average air temperature. These models imply that, except for
Lake Erie, the expected annual maximum ice cover under a 2 X CO, warming is
negligible.

This paper presents the results of a study to evaluate the potential impact of
climate warming on the seasonal progression and duration of ice cover on Lakes
Erie and Superior (Assel in U.S. Environmental Protection Agency, 1989). The
potential implications of climatic warming on the lake ecosystems and economy of
the Great Lakes region are also briefly discussed.

2. Lakes Erie and Superior Ice Cycles and Ice Cover Models

Lake Erie is the shallowest Great Lake (mean depth 19 m), its total heat storage is
the smallest, and its winter-average perimeter air temperature (—3.1 °C) is the
highest for the Great Lakes (Great Lakes Basin Commission, 1976). Lake
Superior is the deepest Great Lake (mean depth 149 m), its total heat storage is the
largest, and its winter-average perimeter air temperature (—9.8 °C) is the lowest of
the five Great Lakes. Ice cover formation on mid-lake areas of Lake Erie usually
occurs first on the shallow West Basin (mean depth 9 m), then on the deeper
Central Basin (mean depth 19 m) and last on the relatively deep East Basin (mean
depth 27 m) Assel et al. (1983). In Lake Superior ice cover first forms on shallow
and protected bays and harbors, such as Whitefish Bay (mean depth 41 m), next
extensive mid-lake ice cover forms on the West Basin (mean depth 135 m), and last
mid-lake ice cover forms on the East Basin (mean depth 152 m).

In order to identify the seasonal progression of ice cover formation on different
basins Assel (in U.S. Environmental Protection Agency, 1989) developed a sepa-
rate statistical freezing degree-day (FDD) ice cover model for each of the three
Lake Erie basins and for each of the two Lake Superior basins and for Whitefish
Bay, Figure 1. His freezing degree-day models are use to estimate average ice cover
for a 30-winter base period, 1951-80, and to estimate ice cover for steady state
2 xCO, air temperature scenarios from three general circulation models (GCM):
the Geophysical Fluid Dynamics Laboratory (GFDL) model (Wetherald and
Manabe, 1988), the Goddard Institute of Space Studies (GISS) model, created by
Hansen et al. (1988), and the Oregon State University (OSU) general circulation
model (Schlesinger and Zhao, 1988).

The number of FDDs accumulated for a given day is defined as the difference
between the mean daily air temperature and 0 °C. For example if the mean daily air

temperature is —3 °C then 3 FDD accumulate that day while H t{w mean [la“y a!r
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Fig. 1. Lake basins and temperature stations. Superior West Basin (WB); Superior East Basin (EB);
Whitefish Bay (WF); Erie West Basin (WB); Erie Central Basin (CB); and Erie East Basin (EB). FDD
are calculated using: (1) Duluth, Thunder Bay, and Houghton for Superior WB; (2) Thunder Bay and
Sault Ste. Marie for Superior EB and also for WF; (3) Detroit, Toledo, and Cleveland for Erie WB; (4)
Cleveland, Port Dover, and Erie for Erie CB; and (5) Port Dover, Erie, and Buffalo for Erie EB.
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1 A listing of the ice cover model equations is given as Appendix I.
2 Shore ice forms before the end of the fall cooling period because shallow areas cool to the freezing point

at an earlier date than deep areas of a lake basin.

In Lake Superior the difference between the time of

ice formation in shore and mid-lake areas of a basin was large enough to require separate equations to
account for initial ice formation in the shore and mid-lake areas, see Appendix I.
3 A running summation of FDD is kept during the winter, the maximum FDD accumulation is determined by
comparing all of the daily values for a given winter.

Fig. 2. Flow chart for the ice cycle model.
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temperature is +3 °C then 3 FDD accumulate that day. A daily running sum of
FDDs starting in November and ending in April provides an index of thermal
severity of a winter season (Assel, 1980) and past studies have shown that FDD
accumulations correlate well with Great Lakes ice cover extent (Richards, 1963;
and Rogers, 1976).

2.1. The Annual Ice Cycle

The annual ice cycle consists of a fall cooling period, an ice growth period, and an
ice decay period. During the first part of the fall cooling period the surface waters
cool, become more dense and mix with less dense waters below. This density-in-
duced mixing continues until the entire water column cools to the temperature of
maximum density near 4 °C. This is known as the fall overturn. During the second
part of fall cooling, the surface waters cool below the temperature of maximum
density and thus density-induced vertical mixing ceases. The fall cooling period
ends when the surface water cools to the freezing point. Fall cooling is completed
first in the shallow shore areas of each lake basin, and these areas become ice
covered before the cooling period is completed in the deeper offshore areas. Thus,
in Lake Superior, shore ice forms three to six weeks before ice forms in mid-basin
areas. The lag between shore ice and mid-basin ice formation is shorter (one to
three weeks) in Lake Erie because of the smaller depth gradient between the shore
zone and mid-basin. The period of generally increasing ice extent, the ice growth
period, ends when the annual maximum ice cover occurs, usually some time in
February or March. Ice cover decreases in extent in March and April and is usually
completely melted by the end of April.

2.2. The Ice Cover Models

The ice cover models predict the percent of the surface area of a lake basin covered
by ice each day. The general conceptual form of the ice models is portrayed as
Figure 2. Empirically derived threshold of the daily running summation of FDD
accumulation are used to predict initial ice cover; there are separate threshold FDD
accumulations for shore areas and mid-lake areas for Lake Superior Basins be-
cause large difference in depth result in distinct shore and mid-lake thermal and ice
cover regimes (Assel, 1986). The ice growth period starts on the date threshold
FDD accumulations occur. Model predictors during the ice growth period are the
date on which threshold FDD accumulations occur (for Lake Superior’s East and
West Basins only) and the difference between threshold FDD accumulations and
subsequent FDD accumulations (for all lake basins). The date when the running
daily summation of FDD is at its seasonal maximum defines the beginning of the
ice decay period. That date marks the beginning of a trend of above freezing air
temperatures that eventually results in loss of the ice cover. During the ice decay
period, the daily basin ice cover is a function of FDD accumulations, the number of
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days needed to melt the ice completely at an empirically derived average daily ice
melt rate, the number of days past the date of maximum FDD accumulation, and
the seasonal maximum FDD accumulation. The ice cover models equations are
included in this paper (Appendix I) and they are more fully documented by Assel
in U.S. Environmental Protection Agency (1989).

2.3. Model Calibration and Model Errors

The ice cover models were calibrated over a 20-year period (1960—-79). The root
mean square error (RMSE) over that calibration period was 24 percent, 17 per-
cent, and 19 percent for Lake Superior’s West Basin, East Basin, and Whitefish Bay
respectively and the RMSE was 20 percent, 23 percent, and 18 percent for Lake
Erie’s West, Center, and East Basins respectively. In order to obtain an unbiased
estimate of the ice cover model error the 20-year calibration period was divided in
half and the models were calibrated on one half of the data and then used to simu-
late ice cover for the second half of the data to assess model RMSE over independ-
ent data. Results show RMSE are similar to those for the entire 20-year period
calibration period, Table I.

TABLE I: Root mean square errors® for percent ice cover

Model calibration Lake Superior Lake Erie
period

WB EB WF WB CB EB
1960-70 24 17 19 20 23 18
first half! 26 21 15 18 25 20
second half? 28 19 23 22 27 18

WB = West Basin, EB = East Basin
CB = Center Basin, WF = Whitefish Bay

! Model calibrated over first half of data and used to simulate ice cover for
second half of data.

2 Models calibrated over second half of data and used to simulate ice cover for
first half of data.

3 Root mean square error = the square root of [the sum of squares of (the
observed minus the simulated ice cover for all simulated ice cover) divided by
(the total number of observations minus one)}.

3. Ice Cover Model Limitations

3.1. Wind Speed and Estimated Ice Cover

The ice models have a bias for overestimating ice cover after storm passage if less
than 40 percent of the surface area of a basin is ice covered at the time of storm

passage. Analysis of storm data given in Lewis (1987) indicates that the present
frequency of Great Lakes storms with high wind speeds (in excess of 88 km/hr) is
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about one storm per winter. Thus if the frequency of Great Lakes winter storms
with high wind speeds increases significantly during 2 X CO, winters ice cover
models would overestimate average ice cover.

3.2. Lake Heat Storage

Application of the FDD regression ice cover models to project 2 X CO, scenario
ice cover may result in an overestimate of ice cover duration and ice cover extent
because the ice cover models do not account for the increase in the average annual
lake heat storage that is likely to occur under 2 X CO, warming, Croley (1989)
made estimates of lake heat storage, average surface-water temperatures and over-
lake air temperatures for the GFDL, GISS, and OSU 2 x CO, scenarios. His anal-
ysis indicates that under these 2xCO, warming scenarios the amount of heat
stored in the Great Lakes will increase and that end-of-fall overturn will not occur
during most 2 XCO, winters on Lake Superior. In this paper the average of
November and December air temperatures (Croley, 1989) and end-of-fall overturn
dates for eight years (Assel, 1986) were used to develop a simple linear regression
model of Lake Superior’s end-of-fall overturn date. The regression has a standard
error of estimate of 8 days, an improvement of 3 days over the standard deviation
of these overturn dates. The average November surface water temperature for the
1951-80 base period is 5.6 °C. The fall or winter month in the GISS and OSU
scenarios in which the average surface water temperature is 5.6 °C. was estimated
from Croley (1989) and the regression model using the average of November and
December air temperature developed here was used to estimate end-of-fall over-
turn for these 2 X CO, scenarios. Average dates of end-of-fall overturn using the
two different methods (monthly air temperature and threshold FDD) are in agree-
ment with each other and with the average of observed end-of-fall overturn dates
(see Table II). This indicates that the effect of the increased heat storage during the
OSU and GISS scenarios is to retard the average date of end-of-fall overturn by
about two weeks to one month, respectively. Thus, the threshold FDD values for
the fall overturn developed during the base period appear to be valid for these two
2 X CQO, scenarios. It was not possible to do a similar analysis for the GFDL sce-

TABLE II: Comparison of Lake Superior average end-of-fall
overturn date for 1972-1979

Method Air temperature scenarios

Observed osu GISS
Threshold FDD* Dec. 16 Dec. 29 Jan. 14
Air temperature Dec. 16 Jan. 1 Jan. 15
Actual dates™* Dec. 16 - -

* Averaged for East and West basins.
** Assel, 1986.
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nario because Croley’s data indicate surface temperatures on Lake Superior are
never as low as 5.6 °C in that scenario.

The effect of increased summer heat storage on ice cover under 2 X CO, sce-
narios for Lake Erie may not be as important for the Central and East basins of
that lake because threshold FDD accumulations for ice-free conditions on these
basins were validated during the 1952—-53 winter season.

4. Base Period and 2 X CO, FDD Scenarios

This study used the 1951-80 climatological period as a base to define the current
average value for climatic elements. Great Lakes winter severity increased during
this 30-year period, winters were relatively mild during the early to mid 1950s and
relatively severe during the last half of the 1970s, Assel (1980).

The U.S. Environmental Protection Agency (1988) provided monthly air tem-
peratures ratios of double to single steady state carbon dioxide scenarios (2 X CO,/
1 xCO,) from three GCMs (GFDL, GISS, and OSU) at GCM grid points (latitude
longitude coordinates given in Appendix II). The monthly temperature ratios for
each GCM at the grid point nearest each temperature station in Figure 1 were used
to generate a time series of 2 X CO, scenario daily air temperature from the base
period 1951-80 daily temperature observations for each temperature station for
each 2 X CO, scenario. This was done by multiplying the observed daily tempera-
ture at a given temperature station by the appropriate monthly air temperature
ratio for each 2 X CO, scenario. These daily air temperatures were then used to
calculate daily mean basin air temperatures for 2 X CQO, scenarios which in turn
were used to calculate running daily summations of mean basin FDD accumula-
tions for the 30-winters corresponding to the 1951-80 base period winters. Note
that although the 30-winter average (December through February averaged) air
temperatures for Lake Erie basins are above freezing for all three 2 X CO, tempe-
rature scenarios, Table I11, there are a sufficient number of days with below freezing
air temperatures during winter to produce positive FDD accumulations, Figure 3.
Compared to the 1951-80 average, the average maximum FDDs in 2 X CO, sce-
narios are reduced by 75 to 90 percent for Lake Erie and by 40 to 70 percent for
Lake Superior. The greater percentage reduction for Lake Erie FDDs is due to

TABLE III: Thirty year average winter temperature
(°C) for base period and 2 X CO, scenarios

Lake Erie Lake Superior
BASE -2.8 =33 -11.3 -111
GFDL 31 2.6 -43 -38
GISS 2.9 2.4 -58 =55
OosuU 13 0.6 -75 =13

BASE = 1951-80 observed temperatures.
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TABLE IV: Average maximum FDD (°C) for base peirod, three 2xCO,
scenarios, and threshold FDD for end of cooling period

Lake Erie Lake Superior

WB CB EB WB EB WF
BASE 318 342 368 1299 1255 1255
GFDL 38 41 45 437 396 396
GISS 44 47 52 580 561 561
Oosu 63 73 80 775 743 743
End of cooling* 27 75 110 730 730 450

* Shore ice forms before the end of the cooling period.

385

Lake Erie’s smaller present-day maximum FDD accumulation. As a result of Lake
Erie’s lower 2 X CO, scenario maximum FDD the potential for ice formation for
similar water depths is much smaller on Lake Erie than on Lake Superior for these

2 X CO, scenarios.

The date in the winter upon which 2 X CO, scenario maximum FDD occurs is
two weeks to a month earlier (Figure 3) indicating a much shorter ice growth
period for both Lakes Erie and Superior compared to the 1951-80 base. It also
appears that only shore ice will form during an average 2 X CO, winter because the
2 X CO, maximum FDDs are less than or slightly greater than the threshold FDD

values needed to end the fall cooling period for the lake basins (Table IV).
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Fig. 3. Daily averaged FDD (°C) accumulations for the 1951-80 base period (solid line) and the
corresponding 30-year daily averaged FDD accumulation for the GFDL (chain-dot line), the GISS
(dashed line), and the OSU (chain-dash line) 2 x CO, scenarios for: (a) Superior WB, (b) Superior EB

and WEF, (c) Erie WB, (d) Erie CB, and (¢) Erie EB.
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5. Ice Cover Duration

The 1952-53 winter was the only winter in the 1951-80 base period when ice
cover did not form in the Central and East Basins of Lake Erie. The regression
models accurately projected ice-free conditions for those basins that winter. During
2 X CO, scenarios, winters without ice cover were common on the Central and East
Lake Erie basins (Table V). Ice-free winters were not frequent on the West Basin of
Lake Erie because of its shallowness. With the exception of the GFDL scenario,
the frequency of ice-free winters was low on Lake Superior Basins because of the
relatively more severe 2 X CO, winters on that lake (Table TV).

During the 1951-80 base period, ice forms in the shore areas of Lake Superior
during the first half of January and is usually lost in late April, producing an aver-
age duration of 15 to 16 weeks (Table VI). According to base period data, initial ice
formation on Lake Erie occurred in the shallow West Basin in the third week of
December and was usually lost during the third week of March. On average, the
West Basin of Lake Erie had ice cover for about 13 weeks. In Lake Erie’s Central
and East basins ice first formed in early or mid-January and was completely lost by
late March (Central Basin) or mid-April (East Basin). Average duration of ice cover
was about 12 weeks for the Central Basin and close to 14 weeks for the East Basin
of Lake Erie. Under 2 X CO, scenarios the 30-year average ice duration is reduced
by 5 to 13 weeks for Lake Superior and by 8 to 13 weeks for Lake Erie (Table VI).

6. Mean Basin Ice Cover

Monthly average ice cover was calculated from the daily ice cover for the months of
December through April for each of the 30-winters of the 1951-80 base period
and for each of the 30-winters of each of the three 2 X CO, scenarios. The maxi-
mum of monthly average ice covers usually (but not always) occurs in February for
both the 1951-80 base period and for the three 2 X CO, scenarios. The minimum
February ice cover during the 1951-80 base period was (1) similar to the 30-
winter average February ice cover for the OSU scenario for Lake Superior, which
had noticeably more ice than the GFDL and GISS scenarios (Table VII), and (2)

TABLE V: Percentage of the 30-winters of the 1951-80 base
period and corresponding 30-winters of the three 2xCO,
scenarios that were ice free

Scenario Lake Superior Lake Erie

WB EB WF WB CB EB
BASE 0 0 0 0 3 3
GFDL 50 53 43 17 73 83
GISS 10 20 3 10 67 80
OsuU 0 0 0 7 37 60
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TABLE VI: Average first ice/last ice dates and ice duration

Lake Basin Average first date of ice cover*

1951-80 2xCO,

1xCO, GFDL GISS osu
Sup WB Jan. 6 Feb. 8 Feb. 11 Jan. 25
Sup EB Jan. 9 Feb.13  Feb.23  Jan. 30
Sup WF Jan. 2 Feb. 14  Feb. 5 Jan. 19
Eri WB Dec. 17 Jan. 17 Jan. 18 Jan. 7
Eri CB Jan. 6 Feb. 4 Feb. 4 Jan. 27
Eri EB Jan. 12 Feb. 7 Feb. 3 Feb. 2
Lake Basin Average last date of ice cover*

1951-80 2xCO,

1xCO, GFDL GISS osu
Sup WB Apr. 27 Mar.20  Apr. 1 Apr. 8
Sup EB Apr. 26 Mar. 19 Mar. 16  Apr. 8
Sup WF Apr. 26 Mar. 17  Apr. 2 Apr. 8
Eri WB Mar. 19 Feb.13  Feb.17  Feb. 14
Eri CB Mar. 29 Feb. 28  Feb. 28 Feb. 28
Eri EB Apr. 18 Mar. 7 Mar. 2 Mar. 7
Lake Basin Average ice duration (days)**

1951-80 2xCO,

1xCO, GFDL GISS osuU
Sup WB 112 21 45 75
Sup EB 108 16 42 69
Sup WF 115 24 55 80
Eri WB 93 23 26 35
Eri CB 83 6 8 19
Eri EB 97 5 6 13

* Average dates of first and last ice for winters with ice.
** Average season length for all winters in each scenario.
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was less than the average February ice cover for all three 2 X CO, scenarios for
Lake Erie. The maximum February ice cover of the OSU 2 x CO, scenario for
Lake Erie and Whitefish Bay are similar to or greater than the average ice cover of
the base period but less than the average base period ice cover for Lake Superior’s
deep East and West Basins (Table VIII). Apparently the greater heat storage in
Superior’s East and West Basin results in less ice cover for even the coldest winter
of the coldest 2 X CO, scenario (OSU) than occurs for the average base period
winter; but this is not true for the shallow areas of Lake Superior or for the three

Lake Erie basins.
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TABLE VII: Comparison of minimum base period with
average 2 X CO, scenario winters for February ice cover*

Scenario Lake Superior Lake Erie

WB EB WF WB CB EB
BASE Min 20 8 61 1 0 0
OSU Ave 14 10 54 20 16 12
GISS Ave 6 4 28 19 9 5
GFDL Ave 2 1 12 16 8 4

* Ice cover = percent of lake basin covered by ice.

TABLE VIII: Comparison of average base period winter with
maximum 2 X CO, scenario winters for February ice cover*

Scenario Lake Superior Lake Erie

WB EB WF wWB CB EB
BASE Ave 55 44 91 71 72 71
OSU Max 41 29 93 77 73 81
GISS Max 32 22 80 67 64 42
GFDL Max 13 9 61 65 61 37

* Ice cover = percent of lake basin covered by ice.

7. Summary and Conclusions

Under the current climatic regime, 90 percent of Lake Erie’s surface is ice covered
most winters and 75 percent of Lake Superior’s surface is expected to be covered
with ice annually (Assel et al., 1983). Under the three projected 2 x CO, green-
house warming scenarios ice cover duration is shorter, ice covers are less extensive,
and the frequency of winters without ice cover is greater for Lake Erie than for
Lake Superior. Under an average 2 X CO, scenario, ice cover is likely to be limited
to the shore area and shallows of both lakes. The greater mean depth of Lake Erie’s
Central and East basins (19 m and 27 m), compared to the shallow West Basin
(9 m) contributes to the greater frequency of ice-free winters in the East and
Center basins of that lake.

Part of the uncertainty in assessing potential sensitivity of the Great Lakes ice
cover duration and extent to climatic warming is due to differences in the three
2xCO, scenarios. But with the current state of the art of GCMs it is not clear
which of the three GCM 2 X CO, scenarios is a more accurate representation of
potential climate warming in the Great Lakes region. In the GFDL, GISS, and OSU
scenarios for Lake Superior, the average basin ice cover duration expressed as a
percent of the base period ice cover duration is 18 percent, 42 percent, and 67
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percent. The corresponding average basin percentages of the base period ice cover
duration for Lake Erie are 12 percent, 15 percent, and 24 percent for the GFDL,
GISS, and OSU scenarios.

Large differences between FDD accumulations in the three 2 X CO, scenarios
for Lake Superior introduces uncertainty in projected 2 X CO, ice cover. This
uncertainty is greatest for the shallow areas of Lake Superior such as Whitefish Bay
because of the smaller heat storage capacity of shallow areas. The average February
ice cover for Whitefish Bay is 54 percent under the OSU 2 X CO, scenario; the
average February ice cover for that bay is only 12 percent under the GFDL
2 X CO, scenario. Differences in average February ice cover for the three 2 X CO,
scenarios for the deep East and West Lake Superior basins are 12 percent or less.
Differences in maximum FDD accumulations under the three 2 X CQO, scenarios in
Lake Erie are much smaller than in Lake Superior as are differences in expected
2 X CO, February ice cover. The largest difference in expected 2 X CO, February
ice cover is 8 percent, between the GFDL and OSU scenario for the East Basin of
that lake.

7.1. Implications of Ice Cover Model Limitations on Interpretation of Results

The simulated 2 X CO, ice cover projections given in this study represent a first-
order approximation and probably represents the upper limit of potential ice cover
under the three 2 X CO, global warming scenarios because the increase in lake heat
storage that will occur during 2XCOQO, greenhouse warming summers is not
accounted for in the ice cover models. The threshold FDD accumulations for ice
formation for Lake Erie’s East and Central basins were verified during the winter
of 1952-53, a winter not used in the model calibration. Thus in the case of these
two lake basins, increases in heat storage for 2 X CO, warming scenarios may not
be a critical factor in identifying winters during which there is no ice formation. But
there are uncertainties associated with the thermal structure of Lakes Erie and
Superior under 2 X CO, warming that need to be resolved before a more definitive
analysis of the ice cover can be made. For example, our analysis of end-of-fall over-
turn date, parameterized by average November and December air temperature,
indicates that the primary effect of increased heat storage in Lake Superior under
the GISS and OSU 2 X CO, scenarios is to retard the date of the end-of-fall over-
turn by about two weeks to one month; while Croley (1989) indicates that fall
overturn in the deep areas of Lake Superior may not occur most 2 X CO, winters.

7.2. Environmental and Economic Implications of 2 X CO, Winter Ice Cover
The OSU scenario produces the least change from current ice conditions and the
GFDL scenario projects the most. These differences can be important in shore

zones where the extent and duration of ice cover appears to have a large impact on
biological activity. Freeberg (1985) and Smale (1988) observed that year-class
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strength of lake whitefish is related to winter severity. Under the 2 X CO, scenarios,
the Great Lakes may not have ice cover some winters. If the lakes are ice-free, the
range of whitefish and perhaps other cold water fish species may be reduced (Meis-
ner et al., 1987). The environment for biological activity may be more favorable
under the protection of the ice cover than without it in the shore zones of the Great
Lakes (Bolsenga, 1988, personal communication); therefore, the loss of the ice
cover may result in a reduction in the annual abundance of some microorganisms
and may significantly affect larger life forms that prey on them. The ice cover also
protects some shore areas against the impact of high-energy waves that might
otherwise erode the shore (Zumburge and Wilson, 1953).

Ice cover impedes and eventually stops most navigation in the Great Lakes
during the winter months. Aids to navigation that would be damaged by ice are
removed in late fall and reinstalled the following spring. Ice booms, which help
prevent ice jams and aid in the formation of stable ice cover, are installed at the
head of the St. Marys and Niagara Rivers (International Niagara Working Commit-
tee, 1983). The U.S. and Canadian Coast Guard and hydropower authorities are in-
volved in this activity, and the Coast Guard also assists ships beset in the ice.

The results of our study indicate that the navigation season could be extended to
10 or even 12 months under a 2 X CO, climatic warming. Thus a considerable cost
saving may be associated with reduced Coast Guard and hydropower authority
activity and economic benefits may result from increased shipping activity in the
winter months. However, the greatly reduced extent and duration of ice cover
would likely result in higher evaporation from the Great Lakes and lower lake
levels (United States Environmental Protection Agency, 1989). Crowe (1985) indi-
cates that above-freezing air temperature in southern Ontario, Canada will produce
less snow cover and a shorter snow cover season. There is a considerable amount
of winter recreational activity on ice-covered bays and harbors of the Great Lakes
- ice boating, ice fishing, snowmobile racing. Much if not all of this activity would
be curtailed or discontinued completely with reduced ice and snow cover.
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Appendix I: Annual Ice Cycle Simulation Model Equations!

EQ.la ICE =5+ 10+(FDD-580)/150
constraints: 1. 580 <FDD <730 2.JD < DMFDD

EQ. 1b ICE =5*(FDD—430)/150
constraints: 1.430 <FDD <580 2.ICE =0 if FDD <430 3.JD <DMFDD

EQ.2 ICE =5%(FDD-350)/100
constraints: 1. 350 <FDD <450 2.ICE=0 if FDD <350 3.JD < DMFDD

100

EQ.3 ICE=
1 + C1 *exp[C2 * (FDD—BFDD)/ID)] + C3 * (FDD - BFDD) + THFAC

constraints: 1. 730 < FDD < FDDCRIT 2. ICE = 100 if FDD > FDDCRIT

100

EQ.4 ICE=
1 + FZFAC + C1 *exp[C2 * (FDD—BFDD)] + THFAC

constraints: 1. 450 < FDD (for Whitefish Bay only) 2.ICE = 0 if FDD < BFDD
3. FZFAC = 1000 when FDD < BFDD, FZFAC = 0 when FDD > BFDD
1

where THFAC = -1
1 - [(JD—DMFDD)/{Sqrt(MFDD—-BFDD)/AMELT}|

constraints: 1. THFAC =0 if JD < DMFDD
2. THFAC = 9999 if JD—DMFDD > a. or b. below:
a. Sqrt{MFDD-BFDD)/AMELT)]
b. maximum historic observed value of days past annual
maximum FDD to date of last observed ice.

! modified from Assel in U.S. Environmental Protection Agency (1989).

EQ. 1 is for shore ice formation on Lake Superior’s East and West Basins.

EQ. 2 is for shore ice formation on Whitefish Bay.

EQ. 3 is for mid-lake ice formation on Lake Superior’s East and West Basins.

EQ. 4 is for mid-lake ice formation on Whitefish Bay and for all three Lake Erie Basins.

Where:

C1,C2,C3 = coefficents of regression.

FDD = the accumulated freezing degree-days (C) on given date.

FDDCRIT = a critical accumulation for a given day in the annual Great Lakes ice
cycle; if FDD exceeds this value ice cover remains at 100%.

BFDD = a threshold value of FDD representing (1) the date of the end of fall over-
turn in EQ. 1 and (2) the number of FDD needed to cool the near shore
water to 0 degrees C for Lake Erie basins, Eq. 2.

FZFAC = a on/off switch for ice formation in Eq. 2, ice is not permitted to form

until FDD equals BFDD. Before that time FZFAC = 1000, after that time
FZFAC=0.

Climatic Change June 1991



JD

MFDD
DMFDD
AMELT
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a day counter, the ice cycle starts (JD = 1) the first day FDD is greater

than or equal to BFDD.
the annual maximum FDD accumulation.

the date of the annual maximum FDD accumulation.

the average daily ice melt rate (cm/day).

ARITHMETIC OPERATORS

* = multiplication / = division + = addition
sqrt = square root

< = less than

— = subtraction > = greater than
exp = exponential function (base €)

Appendix II: Global circulation model grid point coordinate in the vicinity of the

Great Lakes

Geophysical Fluid Dynamics Laboratory

Latitude °N
51.11
46.66
4222

Goddard Institute of Space Studies

Latitude °N
50.87
43.04

Oregon State University

Latitude °N
50.00
46.00
42.00

Longitude °W

97.5 90.0 82.5 75.0

+ + + + +
+ + + + +
+ + + + +
Longitude "W

90.0 80.0 70.0

+ + +

+ + +

Longitude W

95.0 90.0 85.0 80.0 75.0
+ + + + +
+ + + + +
+ + + + +
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